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Abstract: Vaccination is an important strategy for the control and prevention of infectious 
pancreatic necrosis (IPN) in farmed Atlantic salmon (Salmo salar) in the post-smolt stage in 
sea-water. In this study, a heterologous gene expression system, based on a replicon  
construct of salmonid alphavirus (SAV), was used for in vitro and in vivo expression of IPN 
virus proteins. The large open reading frame of segment A, encoding the polyprotein  
NH2-pVP2-VP4-VP3-COOH, as well as pVP2, were cloned and expressed by the SAV 
replicon in Chinook salmon embryo cells (CHSE-214) and epithelioma papulosum cyprini 
(EPC) cells. The replicon constructs pSAV/polyprotein (pSAV/PP) and pSAV/pVP2 were 
used to immunize Atlantic salmon (Salmo salar) by a single intramuscular injection and 
tested in a subsequent IPN virus (IPNV) challenge trial. A low to moderate protection against 
IPN was observed in fish immunized with the replicon vaccine that encoded the pSAV/PP, 
while the pSAV/pVP2 construct was not found to induce protection. 
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1. Introduction 
Infectious pancreatic necrosis virus (IPNV) is the prototype virus of the genus Aquabirnavirus in the 
family Birnaviridae. It has a bi-segmented dsRNA genome that is contained in a single shelled 
icosahedral capsid. Aquabirnaviruses have a global distribution and have been isolated from many 
different fish families. Viruses are often isolated without particular disease association. Serologically, 
the aquabirnaviruses can be classified into three serogroups, A-C, and can be further divided into 
serotypes based on reciprocal neutralization assays [1,2]. Serogroup A viruses can be divided into seven 
genogroups, based upon variations of the VP2 gene [3]. Aquabirnaviruses may cause diseases, such as 
infectious pancreatic necrosis (IPN), in farmed salmonids, and nephroblastoma and branchionephritis in 
eel [4], but often the infection remain subclinical. IPNV was the first virus to be isolated from fish [5], 
and, in Norway, the disease was reported and virus was isolated from rainbow trout (Oncorhynchus 
mykiss) in 1975 [6]. IPN in salmonid fish is characterized by hyperpigmentation, exophthalmia and 
petechial hemorrhage on the ventral surface and in the pyloric area, as well as histopathological findings, 
such as focal necrosis in kidney and pancreas. Clinical, macro- and histopathological findings,  
in combination with immune staining of viral antigens, make up the basis for laboratory disease 
diagnosis [7]. 
The large open reading frame (ORF) of the genome segment A encodes the polyprotein of  
NH2-pVP2-VP4-VP3-COOH. The polyprotein is cleaved during translation by the non-structural 
protease VP4 [8], resulting in two structural peptides, pVP2 and VP3. pVP2 is further trimmed by host 
cell proteases in its carboxy terminus to mature VP2 [8–10]. VP2 is the major capsid protein and 
determinative for the humoral immune response of the fish [11] and important for the virulence of IPNV 
in Atlantic salmon [12]. VP3 is the internal RNA binding protein, forms the scaffold for assembly of the 
capsid [9], and has been found to interact with VP2, VP1, and dsRNA [13,14]. VP3, in combination with 
VP2, assembles virus-like particles (VLP) with a diameter size around 60 nm [15,16]. 
Improved management, such as detection and removal of IPNV-carrier brood fish and the use of 
influx water from wells can alleviate IPN in the fresh water phase. Transmission through water and 
environment cannot easily be controlled in the sea-water phase due to the use of open net structures.  
IPN outbreaks are usually associated with stress in sea-water-reared post-smolts and grower fish [17], 
with mortality ranging from 3% to 30% [12,18,19]. The current commercially available vaccines for 
Atlantic salmon (Salmo salar) aim to give protection in the grower stage in sea-water, and are 
administrated as an oil-adjuvanted intra peritoneal (i.p.) injection containing inactivated virus particles 
from cell cultures or recombinantly produced capsid protein [20,21]. Many of the IPN vaccination trial 
attempts have been inconclusive due to lack of consistency in the challenge model [22,23]. There is 
information regarding vaccine efficacy under field conditions [24,25]. In a comparative test for IPN 
vaccines in Atlantic salmon, where the vaccines contained either whole virus antigens, whole virus 
antigens entrapped in nanoparticles, E. coli expressed subunit antigens fused with putative translocating 
domains of Pseudomonas aeruginosa exotoxin, or plasmid DNA encoding segment A, there were 
moderate differences in performance between the antigen groups, but the whole virus antigen vaccines 
conferred highest protection [26]. 
Alphavirus replicon vectors, where the non-structural genes are retained and viral structural protein 
genes are exchanged with a gene of interest (GOI), have been developed from several different 
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mammalian alphaviruses, such as Semliki forest virus (SFV), Sindbis virus, or Venezuelan equine 
encephalitis virus (VEE) [27]. These vectors utilize the sub-genomic alphavirus promoter between the 
non-structural and structural ORFs to provide high expression of the GOI [28,29]. Furthermore, the viral 
intermediate products activate the innate immune response [30,31]. A replicon system, based on  
salmonid alphavirus subtype 3 (SAV3) isolated from farmed Atlantic salmon (Salmo salar), has been 
developed [32,33] and found to induce efficient protection against infectious salmon anemia (ISA) and 
pancreas disease (PD) in challenge experiments [34,35]. The present study was conducted to study a 
SAV3 replicon driven expression of IPNV segment A polyprotein and VP2 in vitro and in vivo. 
2. Materials and Methods 
2.1. Cells and Viruses 
Chinook salmon embryo cells (CHSE-214, ATCC CRL-1681) and epithelioma papulosum cyprini 
(EPC, ATCC CRL-2872) cells were maintained in Leibovitz’s-15 (L-15, Life technologies, Paisley, 
Scotland) supplemented with 10% fetal bovine serum (FBS, PAA Laboratories,Pasching, Austria), 2 
mM L-glutamine, 0.04 mM β-mercaptoethanol and gentamycin (50 μg/mL) for propagation of cells, 
while L-15 medium containing 2% fetal calf serum (FCS) was used for virus production. Both cell lines 
were maintained at 20 °C. 
The IPNV serotype Sp was used throughout the study [23]. The virus was purified as described  
before [36]. Briefly, virus was cultivated in CHSE-214 cells with L-15 medium containing 2% FBS at 
15 °C for 3–4 days or until the CPE was extensive. The flasks were freeze-thawed 3 times and the cell 
debris was spun down at 3300 × g for 2 h (Sorvall, Thermo Fisher Scientific, Waltham, MA USA). After 
centrifugation, the pellet was suspended in 1.8 mL TNE buffer (0.01 M Tris-HCl, 0.1 M NaCl, 0.001 M 
EDTA, pH 7.2) and overlaid a cesium chloride gradient prepared at 20%, 30% and 40% and centrifuged 
at 16,000 × g for 18 h (SW40 rotor). The gradient was harvested into 1 mL fractions and density was 
measured using a refractometer (Zeiss, Jena, Germany) and the virus fraction was collected at 1.336 
g/cm3. The virus fraction was overlaid on 20% sucrose solution in TNE buffer and centrifuged at 100,000 
× g for 1 h. The pellet was suspended in 0.5 mL PBS (0.14 M NaC1, 2.7 mM KC1, 0.88 mM KH2PO4, 
7.6 mM Na2HPO4, pH 7.2) and the protein concentration was quantified using a NanoDrop ND-1000 
spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Purified virus was kept at 4 °C 
for future use. 
2.2. Construction of DNA-Layered SAV Replicon Vectors 
The SAV replicon was cloned in a pCI mammalian expression vector backbone (Promega; Madison, 
WI, USA), as described earlier [35]. The cloning site for the GOI is flanked by AgeI and AscI restriction 
enzyme sites. For identification purposes, due to the ubiquitous nature of IPNV, silent mutations in the 
large ORF of IPNV segment A were introduced at positions 18, 218, 784 and 796 using RT-PCR 
QuickChange Multi-site-directed mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA). The 
gene sequences encoding the large ORF of segment A, the pVP2 or VP2 were cloned into the replicon 
vector at the GOI site (primer sequences are displayed in Figure 1). The PCR products were run in 1.6% 
agarose gels, excised and purified with Zymoclean™ Gel DNA Recovery kit (Zymo Research, Irvine, 
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CA, USA) as recommended by the manufacturer. The DNA fragments were cloned into the Age1 and 
Asc1 sites using Pfu UltraII fusion HS DNA polymerase (Stratagene, Agilent technologies) following 
the manufacturer’s instructions. 
 
Figure 1. Schematic representation of the DNA-layered, SAV-based replicon vectors 
pSAV/EGFP, pSAV/PP, pSAV/pVP2 and pSAV/VP2, and listed primers used for 
construction. CMV immediate early promoter (CMV); Hammerhead ribozyme (HHR); 
Hepatitis delta virus ribozyme (HDR); 5’ untranslated region (5’); nonstructural protein 
genes of SAV-3 (Nsp 1-4); subgenomic promoter (26S); enhanced green fluorescent protein 
(EGFP); polyprotein of IPNV (pSAV/PP); pVP2 precursor of VP2 protein (pSAV/pVP2); 
VP2 protein (pSAV/pVP2). Restriction enzyme sites are underlined. 
The ligated products were transformed into XL10 gold ultracompetent cells, and all inserts were 
confirmed by restriction enzyme analysis and Sanger sequencing (GATC-Biotech AG, Konstanz, 
Germany). The replicon plasmids were purified using NucleoBond® Xtra Maxi-EF (Macherey-Nagel, 
Düren, Germany). The replicons were named pSAV/PP, pSAV/pVP2 and pSAV/VP2 and were kept at 
−80 °C until further use (Figure 1). 
2.3. Expression of Recombinant IPNV Proteins in Cell Culture 
CHSE-214 and EPC cells were transfected by electroporation (Amaxa-T-20 program, Lonza, Basel, 
Switzerland) and Ingenio transfection reagents (Mirus, Madison, WI, USA) using approximately 2–4 
million cells and 2 µg of each plasmid pSAV/PP, pSAV/pVP2 and pSAV/VP2 per transfection. The 
plasmids pSAV/EGFP and pMAX/EGFP, both expressing green fluorescent protein was used as control 
for transfection efficiency. The transfected cells were subsequently incubated in either T-25 flask for 
downstream Western blot analysis, or distributed (2.5 × 105) (CHSE-214) onto glass coverslips in 24-
well culture dish for immunofluorescence staining. The cells were incubated in L-15 medium with 10% 
FCS at 20 °C for 24 h, followed by changing to fresh media with 2% FCS before transfer to 15 °C for 
further 4, 6, or 8 days. The experiments were repeated twice. 
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2.4. Immunofluorescence Staining 
At 6 or 8 days post transfection (dpt), cells were fixed with 80% cold acetone, washed with PBS and 
blocked with 10% FCS in PBS (pH 7.4) for 30 min. Primary antibodies were either polyclonal rabbit 
anti-IPNV (1:5000) [7], or anti-VP2 or anti-VP3 MAbs (both 1:5000) (MAb-Austral Biologicals). 
Secondary antibodies were Alexa Fluor 594-conjugated goat anti-rabbit IgG and Alexa Fluor 488-
conjugated goat anti-mouse IgG Antibody (Molecular Probes, Life technologies, Paisley, Scotland), both 
were diluted 1:1000. All primary and secondary antibodies were diluted in 1% FCS prepared in PBS. 
After incubation for 1 h at room temperature with primary antibodies, the cells were washed with PBS 
for 3 × 5 min and incubated with secondary antibodies for 30 min. DNA and nuclei were counter-stained 
with Hoechst 33,342 (1 μg/mL). pSAV/EGFP expression was monitored daily. Finally, cells were 
washed, dried, and mounted with coverslips (Fluoroshield™ Sigma-Aldrich, St. Louis, MO, USA) 
before viewed under a fluorescence light microscope (Olympus IX81, Center Valley, PA, USA) supplied 
with cell F software. 
2.5. Western Blotting 
Expression of IPNV proteins in cell cultures was also verified by Western blots of lysate of  
transfected cells or cell culture medium. The cells or cell culture medium were dissolved in lysis buffer 
(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100) and the proteins were 
separated on a Criterion XT Bis-Tris gel 4%–12% (Bio-Rad; Hercules, CA, USA), with XT-MOPS as 
running buffer and blotted onto a polyvinylidene difluoride (PVDF) membrane (Bio-Rad) following the 
Criterion™ Precast Gel system protocol (Bio-Rad). The blot was incubated with polyclonal anti-IPNV 
(1:5000) or anti-VP3 antibody (1:1000) overnight followed by HRP conjugated anti-rabbit IgG antibody 
and anti-mouse IgG, respectively, for 2.5 h, and 5% non-fat milk in PBS-SIFF (PBS in 0.1% Tween-20) 
were used as blocking solution. The membranes were then incubated with substrate from ECL Plus™ 
Western Blotting (GE HealthCare, Cleveland, OH, USA) for 5 min and detected with ChemiDoc XRS 
(Bio-Rad). 
2.6. Vaccination and Experimental Challenge 
A cohabitation challenge was performed at VESO Vikan aquatic research facility, Vikan, Norway. 
The experiment was approved by the Norwegian Animal Research Authority. The trial was performed 
using unvaccinated IPN-sensitive Atlantic salmon smolts, confirmed free of known salmon pathogens 
and with average weight of 38 g. The fish were acclimatized for 2 weeks, and kept in sea-water at 12 °C 
throughout the experiment, fed according to standard procedures, and anesthetized by bath immersion 
(2–5 min) in benzocaine chloride (0.5 g/10 L water) (Apotekproduksjon AS; Oslo, Norway) before 
handling. The fish were divided into 4 groups of 35 fish, marked by passive integrated transponder (PIT) 
tag and immunized by intramuscular injection of 10 µg/50 µL pSAV/PP, pSAV/pVP2 or pSAV/EGFP. 
Control fish were injected intraperitoneally with 50 µL PBS. IPNV injected shedder fish (N = 53), 
labeled by adipose fin clipping, were introduced after 40 days. The fish were observed daily and 
mortality was recorded. Fish were killed using concentrated benzocaine chloride (1 g/5 L water) for  
5 min. 
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Approximately 10% of the dead fish were examined for bacterial infections, and a representative 
selection of kidney from dead fish after challenge (N = 20) were sampled and tested for IPNV by  
Ag-ELISA Kit (Test Line Ltd., Brno, Czech Republic). The experiment was terminated 40 days after 
introduction of shedder fish. Mortality at the end of the study was defined as endpoint. Statistical analysis 
was performed using Fisher’s exact test. The relative percent survival (RPS) was calculated by: RPS = 
(1-cumulative mortality of vaccinated group/cumulative mortality of control group saline) × 100. 
 
3. Results 
3.1. Construction of SAV Replicon Vectors 
The inserts for pSAV/PP, pSAV/pVP2 and pSAV/VP2 were verified by restriction enzyme analyses 
(Figure 2), and nucleotide sequencing showed that the introduced mutations were present at positions 
18, 218, 784 and 796. 
 
Figure 2. Restiction enzymes analysis of replicon constructs. Each plasmid was digested 
with Age1 and Asc1 restriction sites and analyzed on 1% agarose gel. The size of the 
products; Lane 1: pSAV/EGFP; lane 2: pSAV/PP; lane 3: pSAV/pVP2 and lane 4: 
pSAV/VP2; M: Marker (1 kb). 
3.2. Expression of Recombinant IPNV Proteins in Cell Culture 
Few cells were positive in EPC cultures transfected with pSAV/EGFP (control) (Figure 3A), while 
many cells were positive in EPC and CHSE (Figure 3B, C) transfected with pMAX/EGFP and 
pSAV/EGFP, respectively. Similarly, the pSAV/PP, pSAV/pVP2 and pSAV/VP2 showed all higher 
expression of IPNV proteins in CHSE-214 cells than in EPC cells (data not shown). In CHSE-214 cells 
maximum expression was observed at 6 dpt. The number of pSAV/pVP2 and pSAV/VP2 positive cells 
was higher than for pSAV/PP (Figure 4). The expression of VP3 in pSAV/PP transfected cells increased 
from 4 to 6 dpt, but not visible from 8 dpt and onwards (data not shown). The expression of pVP2 and 
VP2 pSAV/pVP2 and pSAV/VP2 in transfected cells showed diffuse fluorescence throughout the 
cytoplasm, excluded from the nucleus (Figure 4 ei, gi). A granulated staining pattern was observed for 
the VP3 expression in pSAV/PP transfected cells (Figure 4 ci, cii). Double staining using PAb  
anti-IPNV and MAb anti-VP3, or PAb anti-IPNV and MAb anti-VP2, indicated that the polyprotein was 
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successfully translated in pSAV/PP transfected cells as VP2 (Figure 5A–C) and VP3 (Figure 5D–F) 
staining were found to co-localize PAb-IPNV staining. No staining was observed in the CHSE-214 cells 
transfected with pSAV/EGFP (Figure 5G–I). 
 
 
Figure 3. Evaluation of SAV-based replicon expression in EPC and CHSE cells. (A) EPC 
cells transfected with pSAV/EGFP; (B) EPC cells transfected with pMAX/EGFP  
(C) CHSE-214 cells transfected with pSAV/EGFP. Pictures were captured by fluorescence 
microscope at 20× magnification at 48 h post transfection and combined with phase contrast. 
3.3. Western Blot 
Expression of IPNV proteins after transfection of the different pSAV constructs in CHSE-214 cells 
was also evaluated by Western blotting. Lysates from IPNV infected CHSE-214 cultures and cesium 
chloride gradient purified IPNV particles were used as positive controls, and accordingly, pVP2 was 
present in lysates but not in purified virus (Figure 6A, Lanes 1–2). In pSAV/PP transfected CHSE-214 
cell fraction complete polyprotein was not observed, indicating co-translational cleavage in CHSE-214, 
but pVP2 (faint), VP2 and VP3 were present at 4 dpt (Figure 6A, Lane 3). In pSAV/VP2 only VP2 were 
seen (Figure 6A, Lane 4), while in pSAV/pVP2 transfected cells both pVP2 (faint) and VP2 were present 
(Figure 6A, Lane 5). 
VP3 was not regularly seen in pSAV/PP-transfected cells at 4 dpt, and at 6 dpt VP3 was more strongly 
stained from the cell culture medium than from the cell fraction (Figure 6B, Lanes 3–4). 
3.4. Vaccination Trial 
The replicons pSAV/PP and pSAV/pVP2 were used for immunization of Atlantic salmon smolts in a 
challenge trial. The fish in the control groups, i.e., injected with PBS and pSAV/EGFP, had a cumulative 
mortality of 44.1% and 48.6%, respectively. Mortality in the pSAV/PP group started on Day 10 after 
introduction of shedder fish, and in the other groups on Days 14–17. The mortality rate was slowing 
down in pSAV/PP group but increased exponentially in PBS, pSAV/EGFP and pSAV/pVP2 injected 
groups. The mortality patterns of the PBS, pSAV/EGFP and pSAV/pVP2 injected groups closely 
followed each other (Figure 7). The level of IPNV in head kidneys from 20 dead fish showed that levels 
of IPNV in the dead fish were highly variable (results not shown). At the end of the challenge trial, the 
fish in the pSAV/PP group showed a cumulative mortality of 31.4% and RPS of 28.8%, with no 
significant difference in the cumulative mortality from the PBS group (Figure 7). Bacterial examination 
of head-kidney samples from dead fish demonstrated the presence of a mixed flora in several individuals. 
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Figure 4. IPNV proteins expression in CHSE-214 cells transfected with pSAV/PP (A–C); 
pSAV-pVP2 (D) and (E); and pSAV-VP2 (F) and (G); (A,D,F) were immunostained with 
PAb anti-IPNV; (B,E,G), and close up pictures ei and gi were stained with MAb anti-VP2; 
(C) and close up pictures ci and cii were stained with MAb anti-VP3. Nuclei were 
counterstained with Hoescht 3334 (blue). Pictures were captured 6 days post transfection at 
20× magnification. Secondary antibodies were conjugated with Alexa Fluor 594 (red) and 
Alexa Fluor 488 (green). 
 
 
Figure 5. Co-immunostaining of pSAV constructs pSAV/PP and pSAV/EGFP transfected 
in CHSE-214 cells. (A–C) were immunostained with MAb anti-VP2 and PAb anti-IPNV; 
(D–F) were immunostained with MAb anti-VP3 and PAb anti-IPNV; (G–I) were 
pSAV/EGFP transfected (negative control). Nuclei were counterstained with Hoescht 3334 
(blue). Pictures were captured 4 days post transfection at 20× magnification. Secondary 
antibodies were conjugated with Alexa Fluor 594 (red) and Alexa Fluor 488 (green). 
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Figure 6. Western blots of CHSE-214 cells transfected with pSAV constructs, IPNV 
infected CHSE-214 cells lysates and purified IPNV particles. (A) Stained with PAb α-IPNV 
at 4 days post transfected. Lane 1: IPNV infected CHSE-214; lane 2 (positive controls): 
purified IPNV; M: marker; lane 3: pSAV/PP; lane 4: pSAV/VP2; lane 5: pSAV/pVP2; (B) 
Stained with MAb α-VP3 at 6 days post transfected. Lane 1: purified IPNV (positive 
controls); lane 2: pSAV/EGFP-transfected (negative control); lane 3: pSAV/PP, culture 
medium; lane 4: pSAV/PP, cell pellet. 
4. Discussion 
In this study SAV replicon constructs expressing IPNV proteins were investigated for expression in 
fish cells and for immunization against IPN. Both the versatility of the SAV replication machinery [31] 
and the use of the SAV-replicon as an efficacious immunization-vector in aquaculture have shown that 
this strategy is promising [34,35]. The in vitro expression studies demonstrated that IPN proteins were 
highly expressed in CHSE-214 cells after transfection of the replicon constructs. After transfection of 
EPC cells with the control pSAV/EGFP less than 1% of the cells were positive, indicating a significant 
difference in expression efficiency between the cell lines. Transfection of the EPC cell line is in general 
considered as efficient [37]. The SAV-based replicon has the ability to express in wide range of fish and 
mammalian cell lines, at a wide temperature range, but with variable levels [31]. The EPC and CHSE-
214 cell lines have cyprinid and salmonid origins, respectively, and both are susceptible for many fish 
viruses. Although EPC lines contaminated with fathead minnow cells have been spread [38], the EPC 
line that was used was verified as cyprinid after amplification and sequencing of the β-actin gene [37]. 
However, the EPC cell line is not susceptible for the salmonid viruses infectious salmon anemia virus 
or SAV [39], indicating that the inhibition of expression of IPNV proteins by the SAV replicon in this 
cell line was caused by cellular factors. 
In immunofluorescence staining, but not in WB, VP3 was strongly stained on 4 dpt, indicating a 
higher sensitivity for the immunofluorescence assay. In a previous study, the pSAV/EGFP was highly 
detected on day 4 post transfection in CHSE-214 cells, suggesting the optimum function of SAV based 
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replicon system after 4 dpt in delivering the GOI [31]. During SAV replication in the salmonid TO cell 
line, the subgenomic transcripts peaked at 4 dpi and then declined [40]. 
 
 
Figure 7. Percentage cumulative mortality of Atlantic salmon smolts in IPN immunization 
and challenge trial. Control groups (PBS and EGFP) and immunized groups (pSAV/PP  
and pSAV/pVP2). IPNV injected shedders fish (N = 53) were introduced at Day 0.  
Cumulative mortality and relative percent survival (RPS) was calculated at termination  
of challenge. 
By Western blotting the polyprotein of segment A was found to be proteolytically cleaved into pVP2, 
VP2, and VP3 on 6 dpt. The VP3, however, was not detected in WB at 8 dpt and onwards, while VP2 
was consistently found on 4–8 dpt. VP3 is known to cause apoptosis in infected cells [41]. The presence 
of pVP2 and VP2 and lack of VP3 in pSAV/PP transfected cells from 8 dpt could indicate selective 
degradation of VP3, or that its stability is dependent on interaction with dsRNA and VP1, which are 
natural constituents of IPNV infected cells [13,14]. 
Ideally, high mortality in unvaccinated fish groups is needed to demonstrate protection by vaccine 
candidates. Challenge experiments for IPN in Atlantic salmon smolts with reproducible results have 
been difficult to develop, and it is difficult to obtain consistent IPN mortality in smolts. Mortality in 
control groups is dependent upon genetic variation of host and virus, age and stocking density of host, 
and environmental factors [23,42,43]. In IPN challenge experiments higher mortalities in cohabitation 
groups than in IPNV injected groups are common [44], as we also observed in the present challenge. 
The mortality in the present study was below 10% in the shedder group and the load of IPNV in head 
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kidneys was highly variable, indicating that the IPNV shedding was low. In addition, a mixed bacterial 
flora was present post mortem in the head kidney in most individuals. Hence, the trial was considered 
inconclusive and results of the vaccination trial could only be indicatively assessed. No protection was 
achieved by pVP2 or VP2 expressing replicons, while the pSAV/PP polyprotein expressing replicon 
induced a protection that was similar to protection achieved by oil adjuvanted virus antigen vaccine 
(results not shown). In DNA vaccines expression of the polyprotein either alone or in combination with 
VP2 protein conferred the highest protection towards IPN [23,45]. In a previous cohabitation challenge 
of Atlantic salmon smolts, where 33% cumulative mortality was achieved, a RPS of 80% was found 
after injection of a plasmid expressing the polyprotein, while no protection was achieved for plasmids 
expressing VP2, parts of VP2 or VP3 [23]. Similarly, in an injection trial in rainbow trout a protective 
effect of polyprotein expressing plasmid in form of decreased viral load in vivo was found [45]. 
The lack of protective effect by pSAV/pVP2 in the current trial is in line with previous  
results [23], but still puzzling due to the assumed importance of VP2 in induction of protection;  
i.e., IPNV-neutralizing MAbs are directed against VP2 [46–49], the principal antigenic sites, as well as 
virulence and cell adaptation determinants are present on the VP2 spikes [12,50,51], and 80% RPS was 
achieved in rainbow trout fry receiving an oral VP2 vaccine [52]. It has been shown that VP3 co-localizes 
exclusively with the pVP2, and that the interaction between VP3 and pVP2 is important for the particle 
assembly [53], indicating that VP3 presence is necessary for correct presentation of VP2 epitopes. 
Alphavirus replicons have previously been shown to induce stronger immune response than 
conventional DNA vectors [54]. SAV replicon expressing ISAV hemagglutinin-esterase (HE) induce 
efficient protection of Atlantic salmon against ISAV challenge [35]. The cytotoxic shutdown of 
transcription in SAV infected cells is caused by the structural viral capsid protein [55]. The capsid 
protein is not a part of the replicon and thus the replicon itself is not toxic to the cells, which ensures 
expression of long duration, as seen by the sustained presence of the expression intermediate  
dsRNA [31]. dsRNA is a strong inducer of innate immune response and the IFN-, and Mx responses 
were significantly induced already 6 h and 1 day post vaccination in a SAV-replicon vaccination trial of 
Atlantic salmon [35]. 
The use of selective breeding using DNA markers linked to quantitative trait loci (QTL) affecting 
IPN resistance in Atlantic salmon has recently been found to be an efficient mean to achieve  
protection [56], both in sea water as well as fresh water [57]. However, the potential rapid evolution of 
RNA viruses, such as IPNV, could make selective breeding vulnerable for escaped mutant viruses. 
Therefore, development of efficient vaccines would form an additional safeguard against the disease. 
Acknowledgments 
Financial support for this work was provided by grant JPA(1)710815095028 from the Public Service 
Department of Malaysia and MSD Animal Health Norway. The authors wish to thank Stine Braaen for 
the assistance in the cloning of the pSAV replicon constructs. 
  
Viruses 2015, 7 263 
 
 
Author Contributions 
A.A. participated in design of the study, performance of analysis and interpretation of data, and 
drafted the manuscript. E.R. and C.M.O. participated in design, interpretation of data and revision of the 
manuscript. K.H. contributed with help for performance of the experimental challenge, analysis of data, 
and revision of the manuscript. All authors read and approved the final manuscript. 
Conflicts of Interest 
The authors A.A., C.M.O. and E.R. declare no conflict of interest. K. H. is an employee of MSD 
Animal Health Innovation, Bergen, Norway. He had no role in the study design or the interpretation of 
the results. 
References 
1. Hill, B.J.; Way, K. Serological classification of infectious pancreatic necrosis (IPN) virus and other 
aquatic birnaviruses. Annu. Rev. Fish Dis. 1995, 5, 55–77. 
2. John, K.R.; Richards, R.H. Characteristics of a new birnavirus associated with a warmwater fish 
cell line. J. Gen. Virol. 1999, 80, 2061–2065. 
3. Nishizawa, T.; Kinoshita, S.; Yoshimizu, M. An approach for genogrouping of Japanese isolates of 
aquabirnaviruses in a new genogroup, VII, based on the VP2/NS junction region. J. Gen. Virol. 
2005, 86, 1973–1978. 
4. Sano, T.; Okamoto, N.; Nishimura, T. A New Viral Epizootic of Anguilla-Japonica Temminck and 
Schlegel. J. Fish Dis. 1981, 4, 127–139. 
5. Wolf, K.; Snieszko, S.F.; Dunbar, C.E.; Pyle, E. Virus Nature of Infectious Pancreatic Necrosis in 
Trout. Pr. Soc. Exp. Biol. Med. 1960, 104, 105–108. 
6. Hastein, T.; Krogsrud, J. Infectious Pancreatic Necrosis-1St Isolation of Virus from Fish in Norway. 
Acta Vet. Scand. 1976, 17, 109–111. 
7. Evensen, O.; Rimstad, E. Immunohistochemical identification of infectious pancreatic necrosis 
virus in paraffin-embedded tissues of Atlantic salmon (Salmo salar). J. Vet. Diagn. Invest. 1990, 2, 
288–293. 
8. Petit, S.; Lejal, N.; Huet, J.C.; Delmas, B. Active residues and viral substrate cleavage sites of the 
protease of the birnavirus infectious pancreatic necrosis virus. J. Virol. 2000, 74, 2057–2066. 
9. Dobos, P. The molecular biology of infectious pancreatic necrosis virus. Annu. Rev. Fish Dis. 1995, 
5, 25–54. 
10. Villanueva, R.A.; Galaz, J.L.; Valdes, J.A.; Jashes, M.M.; Sandino, A.M. Genome assembly  
and particle maturation of the birnavirus infectious pancreatic necrosis virus. J. Virol. 2004, 78, 
13829–13838. 
11. Rivas-Aravena, A.; Cortez-San Martin, M.; Galaz, J.; Imarai, M.; Miranda, D.; Spencer, E.; 
Sandino, A. Evaluation of the immune response against immature viral particles of infectious 
pancreatic necrosis virus (IPNV): A new model to develop an attenuated vaccine. Vaccine 2012, 
30, 5110–5117. 
Viruses 2015, 7 264 
 
 
12. Santi, N.; Vakharia, V.N.; Evensen, O. Identification of putative motifs involved in the virulence 
of infectious pancreatic necrosis virus. Virology 2004, 322, 31–40. 
13. Bahar, M.W.; Sarin, L.; Graham, S.C.; Pang, J.; Bamford, D.H.; Stuart, D.I.; Grimes, J.M.  
Structure of a VP1-VP3 Complex Suggests How Birnaviruses Package the VP1 Polymerase.  
J. Virol. 2013, 87, 3229–3236. 
14. Pedersen, T.; Skjesol, A.; Jorgensen, J.B. VP3, a structural protein of infectious pancreatic necrosis 
virus, interacts with RNA-dependent RNA polymerase VP1 and with double-stranded RNA.  
J. Virol. 2007, 81, 6652–6663. 
15. Imajoh, M.; Goto, T.; Oshima, S. Characterization of cleavage sites and protease activity in the 
polyprotein precursor of Japanese marine aquabirnavirus and expression analysis of generated 
proteins by a VP4 protease activity in four distinct cell lines. Arch. Virol. 2007, 152, 1103–1114. 
16. Moon, C.H.; Do, J.W.; Cha, S.J.; Bang, J.D.; Park, M.A.; Yoo, D.J.; Lee, J.M.; Kim, H.G.;  
Chung, D.K.; Park, J.W. Comparison of the immunogenicity of recombinant VP2 and VP3 of 
infectious pancreatic necrosis virus and marine birnavirus. Arch. Virol. 2004, 149, 2059–2068. 
17. Gadan, K.; Marjara, I.S.; Sundh, H.; Sundell, K.; Evensen, O. Slow release cortisol implants result 
in impaired innate immune responses and higher infection prevalence following experimental 
challenge with infectious pancreatic necrosis virus in Atlantic salmon (Salmo salar) parr.  
Fish Shellfish Immun. 2012, 32, 637–644. 
18. Guy, D.; Bishop, S.; Brotherstone, S.; Hamilton, A.; Roberts, R.; McAndrew, B.; Woolliams, J. 
Analysis of the incidence of infectious pancreatic necrosis mortality in pedigreed Atlantic salmon, 
Salmo salar L., populations. J. Fish Dis. 2006, 29, 637–647. 
19. Ronneseth, A.; Wergeland, H.I.; Devik, M.; Evensen, O.; Pettersen, E.F. Mortality after IPNV 
challenge of Atlantic salmon (Salmo salar L.) differs based on developmental stage of fish or 
challenge route. Aquaculture 2007, 271, 100–111. 
20. Frost, P.; Ness, A. Vaccination of Atlantic salmon with recombinant VP2 of infectious pancreatic 
necrosis virus (IPNV), added to a multivalent vaccine, suppresses viral replication following IPNV 
challenge. Fish Shellfish Immun. 1997, 7, 609–619. 
21. Gomez-Casado, E.; Estepa, A.; Coll, J.M. A comparative review on European-farmed finfish RNA 
viruses and their vaccines. Vaccine 2011, 29, 2657–2671. 
22. Bootland, L.M.; Dobos, P.; Stevenson, R.M.W. Experimental Induction of the Carrier State in  
Yearling Brook Trout-A Model Challenge Protocol for Ipnv Immunization. Vet. Immun. Immunopathol. 
1986, 12, 365–372. 
23. Mikalsen, A.B.; Torgersen, J.; Alestrom, P.; Hellemann, A.L.; Koppang, E.O.; Rimstad, E. 
Protection of Atlantic salmon Salmo salar against infectious pancreatic necrosis after DNA 
vaccination. Dis. Aquatic. Org. 2004, 60, 11–20. 
24. Frost, P.; Ness, A.; Maaseide, N.P.; Knappskog, D.H.; Rodseth, O.M. Efficacy of a recombinant 
vaccine against infectious pancreatic necrosis in Atlantic salmon post-smolt. Fish Vaccinol. 1997, 
90, 460. doi:10.1006/fsim.1997.0113 
25. Ramstad, A.; Romstad, A.B.; Knappskog, D.H.; Midtlyng, P.J. Field validation of experimental 
challenge models for IPN vaccines. J. Fish Dis. 2007, 30, 723–731. 
  
Viruses 2015, 7 265 
 
 
26. Munang’andu, H.M.; Fredriksen, B.N.; Mutoloki, S.; Brudeseth, B.; Kuo, T.Y.; Marjara, I.S.; 
Dalmo, R.A.; Evensen, O. Comparison of vaccine efficacy for different antigen delivery systems 
for infectious pancreatic necrosis virus vaccines in Atlantic salmon (Salmo salar L.) in a 
cohabitation challenge model. Vaccine 2012, 30, 4007–4016. 
27. Rayner, J.O.; Dryga, S.A.; Kamrud, K.I. Alphavirus vectors and vaccination. Rev. Med. Virol. 2002, 
12, 279–296. 
28. Frolov, I.; Hoffman, T.A.; Pragai, B.M.; Dryga, S.A.; Huang, H.V.; Schlesinger, S.; Rice, C.M. 
Alphavirus-based expression vectors: Strategies and applications. Proc. Natl. Acad. Sci. USA 1996, 
93, 11371–11377. 
29. Perri, S.; Greer, C.E.; Thudium, K.; Doe, B.; Legg, H.; Liu, H.; Romero, R.E.; Tang, Z.Q.; Bin, Q.; 
Dubensky, T.W.; et al. An alphavirus replicon particle chimera derived from Venezuelan equine 
encephalitis and Sindbis viruses is a potent gene-based vaccine delivery vector. J. Virol. 2003, 77, 
10394–10403. 
30. Erdman, M.; Kamrud, K. I.; Harris, D.; Smith, J. Alphavirus replicon particle vaccines developed 
for use in humans induce high levels of antibodies to influenza virus hemagglutinin in swine: Proof 
of concept. Vaccine 2010, 28, 594–596. 
31. Olsen, C.M.; Pemula, A.K.; Braaen, S.; Sankaran, K.; Rimstad, E. Salmonid alphavirus replicon is 
functional in fish, mammalian and insect cells and in vivo in shrimps (Litopenaeus vannamei). 
Vaccine 2013, 31, 5672–5679. 
32. Karlsen, M.; Villoing, S.; Rimstad, E.; Nylund, A. Characterization of untranslated regions  
of the salmonid alphavirus 3 (SAV3) genome and construction of a SAV3 based replicon. Virol. J. 
2009, 6, 173 doi:10.1186/1743-422X-6-173 
33. Karlsen, M.; Villoing, S.; Ottem, K.F.; Rimstad, E.; Nylund, A. Development of infectious cDNA 
clones of Salmonid alphavirus subtype 3. BMC Res. Notes 2010, 3, 241. doi:10.1186/1756-0500-3-
241 
34. Hikke, M.C.; Braaen, S.; Villoing, S.; Hodneland, K.; Geertsema, C.; Verhagen, L.; Frost, P.;  
Vlak, J.M.; Rimstad, E.; Pijlman, G.P. Salmonid alphavirus glycoprotein E2 requires low 
temperature and E1 for virion formation and induction of protective immunity. Vaccine 2014, 32, 
6206–6212. 
35. Wolf, A.; Hodneland, K.; Frost, P.; Braaen, S.; Rimstad, E. A hemagglutinin-esterase-expressing 
salmonid alphavirus replicon protects Atlantic salmon (Salmo salar) against infectious salmon 
anemia (ISA). Vaccine 2013, 31, 661–669. 
36. Rimstad, E.; Krona, R.F.; Hornes, E.; FAU-Olsvik, O.F.; Hyllseth, B. Detection of infectious 
pancreatic necrosis virus (IPNV) RNA by hybridization with an oligonucleotide DNA probe.  
Vet. Microbiol. 1990, 23, 211–219. 
37. Ramly, R.B.; Olsen, C.M.; Braaen, S.; Rimstad, E. Infectious salmon anaemia virus nuclear export 
protein is encoded by a spliced gene product of genomic segment 7. Virus Res. 2013, 177, 1–10. 
38. Winton, J.; Batts, W.F.; de Kinkelin, P.F.; LeBerre, M.F.; Bremont, M.F.; Fijan, N. Current lineages 
of the epithelioma papulosum cyprini (EPC) cell line are contaminated with fathead minnow, 
Pimephales promelas, cells. J. Fish Dis. 2010, 33, 701–704 
Viruses 2015, 7 266 
 
 
39. Nelson, R.T.; Mcloughlin, M.F.; Rowley, H.M.; Platten, M.A.; Mccormick, J.I. Isolation of A  
Toga-Like Virus from Farmed Atlantic Salmon Salmo-Salar with Pancreas Disease. Dis. Aquatic Org. 
1995, 22, 25–32. 
40. Chiu, C.L.; Wu, J.L.; Her, G.M.; Chou, Y.L.; Hong, J.R. Aquatic birnavirus capsid protein, VP3, 
induces apoptosis via the Bad-mediated mitochondria pathway in fish and mouse cells. Apoptosis 
2010, 15, 653–668. 
41. Xu, C.; Guo, T.C.; Mutoloki, S.; Haugland, O.; Marjara, I.S.; Evensen, O. Alpha Interferon and Not 
Gamma Interferon Inhibits Salmonid Alphavirus Subtype 3 Replication In Vitro. J. Virol. 2010, 84, 
8903–8912. 
42. De Las Heras, A.I.; Prieto, S.I.P.; Saint-Jean, S.R. In vitro and in vivo immune responses  
induced by a DNA vaccine encoding the VP2 gene of the infectious pancreatic necrosis virus.  
Fish Shellfish Immun. 2009, 27, 120–129. 
43. Shivappa, R.B.; McAllister, P.E.; Edwards, G.H.; Santi, N.; Evensen, O.; Vakharia, V.N. 
Development of a subunit vaccine for infectious pancreatic necrosis virus using a baculovirus 
insect/larvae system. Dev. Biol. 2005, 121, 165–174. 
44. Bowden, T.J.; Smail, D.A.; Ellis, A.E. Development of a reproducible infectious pancreatic necrosis 
virus challenge model for Atlantic salmon, Salmo salar L. J. Fish Dis. 2002, 25, 555–563. 
45. Cuesta, A.; Chaves-Pozo, E.; de las Heras, A. I.; Rodriguez Saint-Jean, S.; Perez-Prieto, S.;  
Tafalla, C. An active DNA vaccine against infectious pancreatic necrosis virus (IPNV) with a 
different mode of action than fish rhabdovirus DNA vaccines. Vaccine 2010, 28, 3291–3300. 
46. Caswellreno, P.; Reno, P.W.; Nicholson, B.L. Monoclonal-Antibodies to Infectious Pancreatic 
Necrosis Virus-Analysis of Viral Epitopes and Comparison of Different Isolates. J. Gen. Virol. 
1986, 67, 2193–2205. 
47. Christie, K.E.; Ness, S.; Djupvik, H.O. Infectious Pancreatic Necrosis Virus in Norway-Partial 
Serotyping by Monoclonal-Antibodies. J. Fish Dis. 1990, 13, 323–327. 
48. Frost, P.; Havarstein, L.S.; Lygren, B.; Stahl, S.; Endresen, C.; Christie, K.E. Mapping of  
Neutralization Epitopes on Infectious Pancreatic Necrosis Viruses. J. Gen. Virol. 1995, 76, 1165–1172. 
49. Tarrab, E.; Berthiaume, L.; Grothe, S.; Oconnormccourt, M.; HeppelL, J.; Lecomte, J. Evidence of 
A Major Neutralizable Conformational Epitope Region on Vp2 of Infectious Pancreatic Necrosis 
Virus. J. Gen. Virol. 1995, 76, 551–558. 
50. Coulibaly, F.; Chevalier, C.; Delmas, B.; Rey, F.A. Crystal Structure of an Aquabirnavirus Particle: 
Insights into Antigenic Diversity and Virulence Determinism. J. Virol. 2010, 84, 1792–1799. 
51. Song, H.C.; Santi, N.; Evensen, O.; Vakharia, V.N. Molecular determinants of infectious pancreatic 
necrosis virus virulence and cell culture adaptation. J. Virol. 2005, 79, 10289–10299. 
52. Ballesteros, N.A.; Rodriguez St-Jean, S.; Perez-Prieto, S.I. Food pellets as an effective delivery 
method for a DNA vaccine against infectious pancreatic necrosis virus in rainbow trout 
(Oncorhynchus mykiss, Walbaum). Fish Shellfish Immun. 2014, 37, 220–228. 
53. Ona, A.; Luque, D.; Abaitua, F.; Maraver, A.; Caston, J.R.; Rodriguez, J.F. The C-terminal domain 
of the pVP2 precursor is essential for the interaction between VP2 and VP3, the capsid polypeptides 
of infectious bursal disease virus. Virology 2004, 322, 135–142. 
  
Viruses 2015, 7 267 
 
 
54. Knudsen, M.L.; Mbewe-Mvula, A.; Rosario, M.; Johansson, D.X.; Kakoulidou, M.; Bridgeman, A.; 
Reyes-Sandoval, A.; Nicosia, A.; Ljungberg, K.; Hanke, T.; et al. Superior Induction of T Cell 
Responses to Conserved HIV-1 Regions by Electroporated Alphavirus Replicon DNA Compared 
to That with Conventional Plasmid DNA Vaccine. J. Virol. 2012, 86, 4082–4090. 
55. Karlsen, M.; Yousaf, M.N.; Villoing, S.; Nylund, A.; Rimstad, E. The amino terminus of the 
salmonid alphavirus capsid protein determines subcellular localization and inhibits cellular 
proliferation. Arch. Virol. 2010, 155, 1281–1293. 
56. Moen, T.; Baranski, M.; Sonesson, A.K.; Kjoglum, S. Confirmation and fine-mapping of  
a major QTL for resistance to infectious pancreatic necrosis in Atlantic salmon (Salmo salar): 
Population-level associations between markers and trait. BMC Genomics 2009, 10. 
doi:10.1186/1471-2164-10-368 
57. Gheyas, A.; Houston, R.; Mota-Velasco, J.; Guy, D.; Tinch, A.; Haley, C.; Woolliams, J. 
Segregation of infectious pancreatic necrosis resistance QTL in the early life cycle of Atlantic 
Salmon (Salmo salar). Anim. Genet. 2010, 41, 531–536. 
© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/4.0/). 
